We study the correlation between gamma-ray and radio band radiation for 123 blazars, using the Fermi-LAT first source catalog (1FGL) and the RATAN-600 data obtained at the same period of time (within a few months). We found an apparent positive correlation for BL Lac and flat-spectrum radio quasar (FSRQ) sources from our sample through testing the value of the Pearson product-moment correlation coefficient. The BL Lac objects show higher values of the correlation coefficient than FSRQs at all frequencies, except 21.7 GHz, and at all bands, except 10 − 100 GeV, typically at high confidence level (> 99 %). At higher gammaray energies the correlation weakens and even becomes negative for BL Lacs and FSRQs. For BL Lac blazars, the correlation of the fluxes appeared to be more sensitive to the considered gamma-ray energy band, than to the frequency, while for FSRQ sources the correlation changed notably both with the considered radio frequency and gamma-ray energy band. We used a data randomization method to quantify the significance of the computed correlation coefficients. We find that the statistical significance of the correlations we obtained between the flux densities at all frequencies and the photon flux in all gamma-ray bands below 3 GeV is high for BL Lacs (chance probability ∼ 10 −3 − 10 −7 ). The correlation coefficient is high and significant for the 0.1 − 0.3 GeV band and low and insignificant for the 10 − 100 GeV band for both types of blazars for all considered frequencies.
INTRODUCTION
Blazars are the most extreme class of active galactic nuclei (AGNs) characterized by a prominent jet pointing within a few degrees of our line of sight (Urry & Padovani 1995) . They are known to be highly variable at gamma-ray wavelengths, as well as in the radio band, on time scales of days to months (von Montigny et al. 1995) . Observationally they are divided into two main classes: the BL Lac objects (BL Lacs) with an almost featureless spectrum and the flatspectrum radio quasars (FSRQs) with strong broad emission lines in their spectrum (Urry & Padovani 1995) .
The spectral energy distribution (SED) of blazars is characterized by two broad features. The first one, peaking at lower energy, is generally explained in terms of synchrotron emission; the second feature, peaking at higher energies, is likely due to inverse Compton radiation (Sambruna, Maraschi & Urry 1996) . Most of the observed radio to optical (and in some cases X-ray) emission from the blazars is due to synchrotron radiation in the jet (Bregman et al. 1981 ; Urry & Mushotzky 1982; Impey & Neugebauer 1988; Marscher 1998 ). Synchrotron emission is produced by relativistic ⋆ E-mail: timur.mufakharov@gmail.com; electrons, moving in a magnetic field (Rybicki & Lightman 1979) . Inverse Compton photons originate from the interaction of the energetic electrons with seed photons. These seed photons could be produced by synchrotron emission, via synchrotron self-Compton (SSC) radiation (e.g., Konigl 1981; Marscher & Gear 1985) , or they might originate from some external source -in this case it is external inverse Compton radiation (e.g., Sikora, Begelman & Rees 1994; Blandford & Levinson 1995) . The gamma-ray photons could originate through the SSC mechanism, and then one might expect significant correlation between gamma-ray and radio emission because of the same origin for the radio and gamma-ray photons. On the other hand, if there is no reliable proof for such connection, that would support the theory of the independent origin of these emissions.
Since the majority of AGNs identified with gamma-ray sources are also bright radio sources -about half of the 1400 gamma-ray sources from the first Fermi-LAT catalogue (Abdo et al. 2010b) were identified with radio sources -this provides the motivation to search for a correlation between radiation in gamma-ray and radio bands. By investigating such correlation one can study time delays between the different events in the gamma-ray and radio band light curves, the physical processes and the characteristics of the radiation in the AGN jets. The presence or absence of correlation also can help to more accurately determine the parameters of the models for the structure and processes in AGNs.
The first dedicated studies of the gamma-ray-radio emission correlation in blazars were based on EGRET data (e.g., Stecker, Salamon & Malkan 1993; Padovani et al. 1993) . However, these results remain uncertain due to the use of observational data obtained non-simultaneously, and also because samples were flux limited (Muecke et al. 1997; Taylor et al. 2007) .
The search for significant correlation between gamma-ray and radio emission continued, when Fermi-LAT telescope data became available. Using gamma-ray data from EGRET and Fermi surveys, Ghirlanda et al. (2010) noted that flux could change up to three times during the year. When average flux values are used for analysis, short-term variability (from one to several days or weeks) did not greatly affect the variability averaged over the year. The F γ -Fr correlation has been studied by Ghirlanda et al. (2010) between the gamma-ray flux above 100 MeV (using 1FGL catalogue; Abdo et al. 2010c ) and the 20 GHz flux density (using ATCA survey; Murphy et al. 2010) . A statistically significant (more than 3σ) correlation was found both for the population of BL Lac and FSRQ sources. Also they considered selection effects (sensitivity limits for radio and gamma-ray telescopes) and the likelihood that some radio sources were not detected due to their variability in the gamma-ray band. Kovalev et al. (2009) also investigated the correlation between radio emission and gamma-ray flux (using Fermi-LAT data after the first three months of observations) for 135 AGNs. The nonparametric Kendall tau test confirmed a positive correlation at a confidence level greater than 99.9 % between the gamma-ray flux (for the 100 MeV-1 GeV energy band) and radio flux density (measured by the Very Long Baseline Array at 15 GHz within several months of the Fermi-LAT observations). The same analysis for the second Fermi-LAT energy band, 1 − 100 GeV, also showed a positive correlation, but at a lower confidence level -86 %. Ackermann et al. (2011) performed a detailed statistical analysis of the correlation between the radio and gamma-ray emission of the AGNs detected by Fermi-LAT in its first year of operation. For the radio band they used archival data at 8 GHz for 599 sources and concurrent measurements at 15 GHz for 199 sources, provided by the Owens Valley Radio Observatory monitoring programme (Richards et al. 2011) . One distinctive feature of that work was the study of not only the apparent, but also the intrinsic strength of the correlation, exploiting a new statistical method by Pavlidou et al. (2012) . They found that the statistical significance of a positive correlation between the centimetre radio and the broadband (E > 100 MeV) gamma-ray energy flux is very high for both flat spectrum radio quasars and BL Lac objects from their AGN sample.
Moreover, the correlation between high frequency radio emission (at 37 GHz) and gamma-ray emission (100 MeV-100 GeV Fermi-LAT data) for 249 northern AGNs was studied by Nieppola et al. (2011) . They also found a significant correlation between both the flux densities and luminosities in the gamma-ray and radio bands and suggested that the gamma radiation is produced cospatially with the 37 GHz emission, i.e. in the jet.
On the basis of the work, considered above, it can be concluded that homogeneous (derived from one instrument) and simultaneous observational data in the radio and gamma-ray bands are essential for detection a possible correlation in radiation from blazars.
In this paper we present a statistical analysis of the correlation between radio and gamma-ray emission for a sample of 123 blazars using quasi-simultaneous observational data from the Fermi-LAT and the RATAN-600 telescopes. The correlation analysis was performed using the flux densities from five radio bands, 21.7, 11.2, 7.7, 4.8 and 2.3 GHz, for the first time.
SAMPLE SOURCES AND OBSERVATION
For the correlation analysis we cross-match the first Fermi-LAT catalogue (1FGL) with the RATAN-600 observations. The 1FGL catalogue is available in the Vizier database 1 and its description is given in Abdo et al. (2010b) . The catalogue includes observational data obtained during the period from 2008 August 4 to 2009 July 4 for 1451 AGNs and contains information for five gammaray bands: 0.1 − 0.3, 0.3 − 1, 1 − 3, 3 − 10 and 10 − 100 GeV. Gamma-ray flux units are photons per second per square centimetre (ph cm −2 s −1 ). The counts in each band are averaged over 11 months.
About 300 AGNs were observed with the RATAN-600 radio telescope within a few months of the Fermi-LAT observations, as part of various programmes. For the analysis we used flux densities measured at five frequencies (2.3, 4.8, 7.7, 11.2 and 21.7 GHz) in 2008 November and 2009 April. Each source was observed 5 to 10 times during this period. The experimental data were processed with the modules of the FADPS (Flexible Astronomical Data Processing System) standard reduction package by Verkhodanov (1997) . The processing methods are described in the paper by Mingaliev et al. (2012) . The following 12 flux density calibrators (standard and RATAN's traditional ones) were used to get the coefficients of antenna elevation: 3C48, 3C138, 3C147, 3C161, 3C286, 3C295, 3C309.1, NGC7027, J0237−23, J1154−35, J1347+12 and J0410+76. Measurements of some calibrators were corrected for angular size and linear polarization, following the data summarized in Ott et al. (1994) and Tabara & Inoue (1980) , respectively. The detection limit for the RATAN-600 single sector is approximately 8 mJy (integration time is about 3 s) under good weather conditions at the frequency of 4.8 GHz and at an average antenna elevation (δ ∼ 42
• ). The detection limits at other frequencies are presented in Table 1 along with the other parameters of radiometers: f0 -central frequency, ∆f0 -bandwidth, ∆F -flux density detection limit per beam, and BW -beam width [full width at half-maximum (FWHM) in right ascension (RA)] at average antenna elevation (δ ∼ 42
• ). Beam width in declination is three to five times worse than in RA. These values depend on the atmospheric extinction instability and the effective area at the antenna elevation H (from 10
• up to 90
• above the horizont) at the corresponding frequencies. Radio data that are used in this paper are published in RATAN-600 BL Lacs database 2 (Mingaliev et al. 2014 ) and in Mingaliev et al. (2012) . Standard errors in determining the flux density for these data are 7-8 % at 2.3 GHz and 4-5 % at other frequencies. Almost all of the sources had relatively strong flux levels at radio frequencies with a signal-to-noise ratio S/N 4.
After cross-matching we had 123 AGNs for which quasisimultaneous Fermi-LAT and RATAN-600 data were available. They make up the final list for the further analysis. In Table 2 we present: source name [from the NASA/IPAC (NED) 3 or from Figure 1 shows the spectral index distribution for FSRQs and BL Lacs from our sample. Figure 2 shows the distribution of flux densities, measured at 4.8 GHz, for BL Lacs and FSRQs (we exclude 3C 273 (F > 39 Jy) from this distribution for clarity of the display). The flux density does not reach 1 Jy for most of the BL Lacs at all frequencies. Note that FSRQs, observed with the RATAN-600, are limited by flux density ( 1 Jy). Moreover the representation of BL Lacs in our sample is incomplete, since they were observed partly in different programmes. In Table 3 , we list the radio flux densities at different frequencies used in this work, along with the spectral index values (α), measured between 2.3 and 7.7 GHz, but for two sources measured between 4.8 and 7.7 GHz (due to the absence of observations at 2.3 GHz for them). 
RESULTS

Flux density correlation
With the broadband observational data available for radio and gamma-ray bands, we compared correlation coefficients for a relatively large and approximately equal number of sources from two blazar sub-classes (BL Lacs and FSRQs). We checked the possibility of the existence of the flux density correlation measured at five radio bands with photon flux in five gamma-ray bands. We calculate the Pearson product-moment correlation coefficient r between radio and gamma-ray flux for the objects of our sample. In Table 4 we present correlation coefficients for five radio and five gammaray bands, along with the number of sources (N) with available radio data at each frequency (we have data for the full sample in gamma-rays) and typical confidence level values (CL) for calculated correlation coefficients for each considered band. In Figure 3 we visualize the correlation coefficients, reported in Table 4 . In this figure, the correlation coefficients are shown across the five energy bands and for each of the five frequencies. The accuracy, to which the correlation coefficients are determined, is shown by the error bars, which correspond to the standard deviation defined as in Wall & Jenkins (2003) :
where N is the number of objects and r is the Pearson productmoment correlation coefficient.
The correlation coefficient is sensitive to both radio frequency and gamma-ray energy band. The correlation coefficient decreases with increasing energy band for both BL Lacs and FSRQs. Also it can be seen from Figure 3 that this fall is greater for BL Lacs. On average, correlation coefficients are higher for BL Lacs; and comparable values for BL Lacs and FSRQs are obtained only when the 21.7 GHz frequency band is considered.
For both types of sources we found a common trend: the highest correlation of the flux densities at all radio frequencies was detected with the 0.1 − 0.3 GeV gamma-ray band flux. Larger cor- Table 4 relation coefficients occur for BL Lacs than for FSRQs at all radio bands (except 21.7 GHz) with the 0.1−0.3 and 0.3−1 GeV bands. At 10 − 100 GeV no correlation with any radio band was found for both types of blazars. Moreover, for FSRQs the correlation coefficient is more stable across the various energy bands in comparison with BL Lacs, for which Pearson's r decreases faster for higher energy gamma-ray bands. If we examine correlation strength evolution across radio frequencies, BL Lacs showed a correlation of the same order at both 2.3 and 21.7 GHz with the flux in the 0.1 − 1 GeV range. FSRQs showed noticeably less correlation at 2.3 GHz, compared the correlation at 21.7 GHz, with the flux from the same gamma-ray range. Hence, we find that for BL Lac blazars, the correlation of the fluxes appears to be more sensitive to the considered gamma-ray energy band than to the frequency, while for FSRQ sources, the correlation changed both with the considered radio frequency and gamma-ray energy band.
Robustness test for the correlation
We used the permutation method described by Pavlidou et al. (2012) to test the significance of the computed correlation coefficients. It is intended to take account of common distance bias and Malmquist bias. Simulated samples contained only sources with known redshifts (because luminosities are used in this method) and thus the number of objects was reduced to 103 (48 BL Lacs and 55 FSRQs). We ran the permutation procedure 10 7 times. Thus, the probability to obtain Pearson's r value more or equal to the real one from intrinsically uncorrelated measurements was calculated (hereinafter referred to as significance or sig). The results of the data randomization analysis are presented in Table 5 , where we give the number of sources for each blazar subset (N), the value of the Pearson's r, and the statistical significance of the apparent correlation (sig). Correlation coefficients are slightly different in some cases, from those given in Table 4 , because only sources with known redshifts were involved in this robustness test.
We find that the highest significances occurs for higher correlation coefficients (e.g., r=0.75 with the chance probability sig=3.24 × 10 −7 ). The least significant cases are observed for the 10 − 100 GeV band for both types of blazar. Also there is a high probability for the correlation appearing by chance in the 1 − 3 and 3 − 10 GeV bands for FSRQs (up to 56 %). BL Lacs demonstrate only marginally significant correlation between the flux densities at 11.2 and 21.7 GHz and the photon flux at the 3 − 10 GeV band (2-6 % probability of achieving same or higher correlation from intrinsically uncorrelated data).
DISCUSSION AND CONCLUSIONS
We searched for a possible correlation between gamma-ray and radio emission in blazars. We used quasi-simultaneous multifrequency Fermi-LAT and RATAN-600 observational data to test for the existence of the connection between fluxes in these bands. The correlation analysis was performed using the flux densities from five radio bands (2.3 − 21.7 GHz) for the first time. If the gamma-ray emission is produced by the SSC method, we would expect a tight correlation between gamma-ray and radio emission because the seed photons are produced by the same method. In previous work it is shown that SSC models are acceptable for most BL Lacs SEDs, while FSRQs usually require an external inverse Compton mechanism (e.g., Lindfors, Valtaoja & Türler 2005; Abdo et al. 2010a; Hovatta et al. 2014) . Since SSC would imply the same origin for gamma-ray and radio emission, generally higher values of the correlation coefficient for BL Lacs were expected.
We found a positive apparent correlation between gamma-ray photon flux and radio flux density for sources from our sample, but with considerable scatter (Pearson's r ranges from -0.03 to 0.74 for BL Lacs and from 0.03 to 0.57 for FSRQs). The BL Lacs show higher values of the correlation coefficient than FSRQs at all frequencies, except 21.7 GHz, and at all bands, except 10 − 100 GeV, when comparing different sub-samples of blazars. Also BL Lacs showed the correlation of the same order at both 2.3 and 21.7 GHz with the flux from the 0.1 − 1 GeV range, while FSRQs demonstrated noticeably less correlation at 2.3 GHz, compared with the correlation at 21.7 GHz, with the flux from the same gammaray range. At higher gamma-ray energies, the correlation weakens and even becomes negative for both BL Lacs and FSRQs, consistent with Ackermann et al. (2011) . The strength of the correlation clearly depends on the gamma-ray energy band considered for both types of blazars; the correlation of the radio flux density at any frequency is stronger with the 0.1 − 1 GeV energy range. Thus, for BL Lac blazars, the correlation of the fluxes appeared to be more sensitive to the considered gamma-ray energy band, than to the frequency, while for FSRQ sources correlation seems to change both with the considered radio frequency and gamma-ray energy band.
We used data randomization tests to quantify the significance of the computed correlation coefficients. We find that the statistical significance of correlations we obtained between the flux densities at all frequencies and the photon flux at all gamma-ray bands below 3 GeV is high for BL Lacs (chance probability ∼ 10 −3 − 10 −7 ). The correlation coefficient is highly significant for 0.1 − 0.3 GeV and low and insignificant for the 10 − 100 GeV band for both types of blazars for all considered frequencies.
We used quasi-simultaneous data at radio frequencies; there was RATAN-600 data for the first year of operation of Fermi-LAT (within a few months). Simultaneity of the data used plays important role in analysis and as shown in previous works (e.g. veal stronger correlation between gamma-ray and radio emission for concurrent data than for archival (comparing archival 8.4 GHz data and simultaneous 15 GHz measurements). León-Tavares et al. (2012) found higher statistical significance for the Lγ -L radio correlation in data obtained quasi-simultaneously (within months), than in simultaneous observations (within weeks) and in data averaged over a long-term period (27 months). Fuhrmann et al. (2014) analysed gamma-ray/radio light curves of 54 Fermi-bright blazars. They estimated 12 ± 8 d time lag at 3 mm wavelength. According to their study, the time delay systematically increases from the millimetre to the centimetre band. If the same beamed relativistic electrons first up-scatter the synchrotron photons to gamma-ray energies and then flare in the radio band, then a significant time delay between the radio and gamma-ray flares is expected. Also such time lags would occur, if a disturbance (a shock, propagating along the jet) appears from the radio core and first causes a flare in the (sub-)millimetre band and then produces a gamma-ray flare downstream in the jet. However, there is no commonly accepted physical model for the radio/gamma-ray emission regions: some studies suggest gamma-ray flare occurring downstream from the radio core, others, upstream from the core. Scenarios vary depending on the flare type (relatively strong or not), source type (BL Lacs and quasars) and radio band (mm, cm). The possible locations of the gamma-ray emission site are discussed in, for example, León-Tavares et al. (2011) and Fuhrmann et al. (2014) and references therein. Nonetheless, it is well known that there is a considerable delay between flares in radio and gamma-ray bands. That is why there are might be a larger chance of detecting a correlation in averaged radio and gamma-ray fluxes, than in simultaneous observational data.
Together with the previous results of the correlation between gamma-ray and radio band emission for AGNs (Ghirlanda et al. 2010; Kovalev et al. 2009; Ackermann et al. 2011) , our results could be considered as suggesting the existence of a relationship between the emission from these bands, and as indication of the common origin (in terms of the assumed SSC radiation). Two possible radiation mechanisms, responsible for gamma-ray emission and SSC and external inverse Compton processes, probably always occur together, although in different proportions. Hence, it is difficult to provide sufficient reasons to conclude there is a direct and obvious link between gamma-ray and radio band emission in blazars. Table 4 . Pearson's r for broadband gamma-ray emission (photon fluxes at five bands 0.1 -100 GeV) and radio emission (flux densities at five frequencies 2.3 -21.7 GHz). For each frequency the number of sources (N) and typical confidence level values for correlation in this bands (CL) are presented. In Figure 3 we show the correlation coefficient distribution across the five energy bands and five frequencies, reported in this 
